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HIGH-SPEED OIL ENGINES FOR VEHICLES . 
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PART II.* 

Further progress toward the satisfactory solution of the 
difficult problem of the distribution and a tomizat ion of the 
injected fuel me made by extensive experimentation with vari- 
ous fuel valves, nozzles and atomizing devices. Valuable in- 
formation was also obtained through numerous: experimental re- 
searches on the combustion of oils and the manner of introduc- 
ing the combustion air into the cylinder, as well as on the 
physical processes of atom izat ion, the determination of the 
size of the drops, etc. These researches led to the conclusion 
that it is oos Bible, even without Producing great turbulence 
in the combustion chamber and at a moderate pump pressure, if 
the decree of atomization and the penetrative power of the 
fuel jet are adapted to the shape of the combustion chamber 
and to the dimensions of the cylinder ( n Zei tschrif t des Ver- 
eins deutscher Ingenieure, " 1935, p. 1261) . ' In order to pre- 
vent the fuel lets from striking against the piston and cylin- 
der walls, the Ceutz and the Augsburg engine companies both 
employed concave piston heads and so reflated the penetrative 

*From "Der Motorwagen, " of September 50, (pp. 649-654) and 
December 10, (pp. 341-350), 1336. 
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^ower of the fuel jets by means Of suitably shaped -nozzles, 
that the oil drops were burned before reaching the piston head 
(Fig. 11 ) . In this way very good combustion was obtained at 
node-rate compression pressures, although accompanied, at the 
piston dead center, by a pressure increase approaching explo- 
sion and by correspondingly high working stresses. 

The Krupp Diesel engine (Fig. 12) works at approximately 
constant combustion pressure. In contrast with the above- 
mentioned engines, the combustion space is relatively flat in 
this enpine. Not only is there no attempt to orevent the jet 
from striking the walls, but it is made to do so by elevating 
the middle of the piston head so that the angle of incidence 
of the fuel jets, which at first are nearly tangential to the 
surface, gradually increases during the injection. The Krupp 
Company based this method on the assumption that the conical 
fuel jet is dispersed by striking the piston head and is thus 
distributed throughout the combustion chamber in the form of 
a fine mist. It is hard to say whether this assumption is cor- 
rect. Fuel drops with a aiameter of 30-30 |i already have 
such a surface tension that any further atomization would hardly 
be effected by the nearly tangential contact. It is more rea- 
sonable tc assume that the central portion of the piston head 
remains very hot and therefore vaporizes, through the effect 
of heat alone, the fuel drops which strike it at a lower veloc- 
ity. The efficiency of this type of engine is largely due to 
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riving the combustion air a circular motion, as already proposed 
by Hesselman (N.A.O.A. Technical Memorandum l T o. 512). This 
circular motion of the air around the cylinder axis is produced 
by a directing surface at the intake valve- The circular mo- 
tion produced by the intake "stroke continues to the end of 'the 
compression stroke and even during combustion, as demonstrated 
by experiments ("V.B-I.," 1925, p. 673) , It is worth noting in 
this connection that the efficiency of the combustion bears a 
quite definite relation to the velocity of the circulating air, 
as demonstrated by Hints in his lecture at .the 1925 annual 
meeting of the Association of German Engineers in Augsburg. 

As regards stationary engines, the mechanical and ignition- 
chamber injection methods have proved eaually successful. 
If the former method is more efficient with respect to economy 
of fuel and varying load, the ign it ion- chamber engine is less 
sensitive and easier to tend, on account of its lower pump 
pressure and lower maximum combustion pressure. 

We must now consider as to which of the two systems is 
better adapted for high-speed vehicle engines. In this connec- 
tion I wish to eliminate the annular- whirl method as unsuitable 
(at least as it has hitherto been used in so-called "displacer 
engines"), due to the low pressure and coarse atomization, and 
because the desired change in the ignition timing is not possi- 
ble under the variable operating conditions of vehicle engines. 
On the other hand, a. combination of the annular- whirl method 
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and the mechanical-ini : ction method can be advantageously used, 
as will be more fully explained farther on. 

As for the ignit ion- chamber method, this has, .first of all, 
the exceptional advantage of enabling uniform functioning and 
smooth transition from compression to ignition and expansion. 

The low max imam pressures render it possible to make the 
driving parts relatively light. Moreover, the ignit ion- chamber 
method enables lower pump pressures and correspondingly larger 
nozzle openings 9 a circumstance which is very valuable for the 
reliability of an engine, on account of the impurities in the 
fuel, which are unavoidable .even with the best filtering. On 
the other hand, it is more difficult to regulate, due in part 
to the fact that the walls of the ignition chamber tend to be- 
come coated with oil carbon, which absorbs a portion of the 
fuel and causes after-combustion* The endeavor to diminish 
the heat-conducting walls of the combustion chamber as much as 
practicable leads to making the ignition chamber as small as 
possible. This is accompanied by the disadvantage, however, 
that it can be but poorly cleaned out and still contains com- 
bustion residues after the charging of the cylinder with air 
whose small residue of oxygen is often insufficient to insure 
ignition. This allies, however, only to engines in which the 
fuel, coarsely atomized in the ignition chamber, is injected 
through narrow channels into the combustion chamber by the 
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parti?! combustion with .considerable excess pressure. Recently 
a modification has been introduced in the Diesel engines of 
De La Vergne Engine Company/ and of the Falk Corporation by mak- 
ing: relatively larger passages between the ignition chamber 
and combustion chamber, so that there is no great pressure dif- 
ference between the two. These engines, which in general em- 
ploy the Price method- of fuel injection (Fig. 13), are charac- 
terized by the f"act that trie combustion space, which is connect- 
ed with the working cylinder by a wide round or rectangular 
neck, is divided into two chambers, each with a fuel nozzle, 
whose axes ars inclined to the cylinder axis ( f,Tr • D • I . , " 1925, 
P-10R4). The shape of these chambers (conical or rectangular) 
is adapted to the shape of the fuel jet ( conical or fan-shaped) . 
The claim that a supplementary atomization is croduced by the 
impact of the two fuel jets can hardly be maintained, in view 
of the great stability of very email drops. The success of 
these engines is due rather to the good adaptation of the fuel 
jet to the combustion chamber, as well as to the a.ir turbulence 
caused by this manner of construction. Of course the enlarg- 
ing of the connecting passage or neck necessitates a finer atom- 
ization in the ignition chamber. Instead of projecting unburned 
oil drops into the combustion chamber to be burned there, by 
far the greater portion of the injected fuel is already burned 
in the ignition chamber. The air entering the combustion cham- 
ber, under violent agitation produced by the constriction, pro- 
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duces a rapid and complete valorization of the fuel droos, as 
well as a rapid propagation of the ignition waves and the in- 
troduction of new portions of air into the combustion zone. 
The good experimental results, which were recently obtained 
(according to an American communication, the Banner engine of 
the Falk Corporation attained a mean pressure of 156 Ib./sq.in. 
have sufficiently demdnst rated that the motion of the air which 
propagates the combustion in the combustion chamber is, under 
certain conditions, more important than to have very compact 
combustion chambers with small wall areas in contact with the 
flames. As an analogous case, reference is here made to the 
experiments of Riocardo (The Internal Combustion Engine, Vol. 
II, p. 88 ff.), who demonstrated that, even with explosion en- 
gines having laterally located valves, i.e., with relatively- 
large heat-conducting wall areas, it is entirely possible to 
obtain excellent combustion conditions by the favorable utiliz- 
ation of the whirling motion of the gaseous mixture. 

Although it is possible to build engines suitable for ve- 
hicles on the ignition- chamber principle, I nevertheless be- 
lieve that in future the mechanical- inj ect ion method will be 
preferred. As contrasted with the ignition- chamber method, 
there is here only a single atomization and combustion process, 
thereby the relations are clearer and easier to control. Here- 
by, the same as in the stationary hollow-piston engines of 
Deutz and the M.A.N. , the fuel jet is riven such a direction 
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and penetrative force, that it burns without impinging on the 
piston or cylinder walls. Any contact rith the metal walls, 
especially when they are coated with lubricating oil, is to be 
avoided, not only on account of the direct heat transmission, 
but also on account of the catalytic action of the wall mater- 
iel, which accelerates the pyrogenic decomposition of the fuel. 
The same is true, in a still greater degree, of the contact 
with the oil carbon deposited on the piston head, since this 
absorbs the fuel, causes misfires and after-burning, and great- 
ly damps the control. The modern vehicle engine seems to be 
developing within the limit represented by these fiducial lines. 
The fact that the problem has not yet been fully solved, is 
due to the extraordinary difficulties arising when one tries to 
reach the goal simply by making slight changes in the dimen- 
sions of stationary engines. The successful development of the 
hiph-s-oeed engine must be based rather on a thorough investi- 
gation of the whole orocess, whose individual phases must fully 
conform to the changed conditions. 

For the obtention of high revolution speeds, i.e., high 
piston and combustion speeds, two conditions are requisite, 
namely, ruick ignition of the injected fuel and rapid combus- 
tion. As regards the ignition, we know that the fuel drops 

w 

inlected into the cylinder receive heat by conduction from the 
hot compressed air. The pro ©ess is very similar to the combus- 
tion orocess in the coal-dust furnace investigated by Nusselt. 



xT.A.C^. Technical I: emorendura Ko* A 03 3 

According to Riehm ("7.D.I.," 1924, p.S44), the simultaneously 
occurrin": hmt absorption by radiation car, be disregard @&j 
since the and mil temperatures are relatively low from 
the beTinninp- of the conbu stion . The heat absorbed by conduc- 
tion is 

4 r n X (t L - t) (l) 

in wllicii 

r * radius of drop (m), 

X a coefficient of heat conductivity o: r cir 
(kcal 333 n 0 J , 

t* 53 compression temperature of the ^orkins- air (°C), 

t = temperature of fuel drop (°C), 

t ss initial temper? ture of fuel drop (°C), 

c = specific heat of liquid (kcal kg"" 1 C C" 1 ) ; 

7 = density of liquid (kg m~ 3 ), 

z * t gait ion time of drop after jet leaves nozzle (h). 
The absorbed heat raises tfee termoera ture of the fuel drops 
so that 

4 r rt X (t L - t) = # r3 tt c 7 ^ la) 

or 

For the limiting condition t = t a for z = 0 the inte- 
gration of this equation gives 
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z = £l£J - it (2) 

5 X t L - % 

From -this equation the time z, required to reach a tempera- 
ture t of the fuel drop, can be coin-out ed. 

The question as to wMt temperature is necesnary for start- 
ing the ignition, cannot be answered -: f ith certainty, so long as 
nm do not knew whether a substantial portion of the fuel is 
changed into the ^on of - r apor or gas shortly before the igni- 
tion of the drop, or whether the drop burns in the liquid form. 
Opinions differ on this point and no complete answer can be ex- 
pected v6fy soon, eJwing to the difficulty of investigating the 
phenomena experimentally. Probably no considerable amount of 
aas or vapor is formed before ignition occurs, because the 
available time (about 0.004 sec in hi, -h- speed engines) is too 
short and the temperature at the instant of ignition is too 
low. On the other hand, an envelope of vapor and air will be 
^ormed on the surface of the crop by the partial vaporization 
of the more volatile components of the fuel. This envelope 
has the lowest possible ignition temperature and consequently 
ignites first, producing a sudden increase in temperature of 
the whole drop -hich then burns in the liquid form. Since, in 
this case, almost all the heat imparted to the drop is liquid 
heat, the ignition point of the liquid itself can be unhesitat- 
ingly put for t in equation (3). Even if this assumption 
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were incorrect and a considerable portion of the drop evaoor- 
ated previously, the correctness of the nurnorical values calcu- 
lated from the equation would be but slightly affected. Re- 
/•ardle?s of 1 hether the heat imparted to the fuel drop is chief- 
ly liquid heat or partially vaporization heat, the above for- 
rula shows the grd&t effect of the compression temperature on 
the ignition instant. The attainment of a high air tempera- 
ture is therefore an Important /means for shortening the Igni- 
tion dela.y. The size of the crop is still more important , 
ho T *'3* r cr, its effect on the ignition speed being s o increase z 
according to the square o~ the drop radius. The combined ef- 
fect of both factors is shov.Ti in Table I, tftii&h <rives the ig- 
nition del: ;s for crops of various sizes at different air and 
ignition temperatures, on the asgiErrptioa that there is no 
previous " r apor formation. 
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Table I. 
Ignition delay in eecon&s x 10' 



c = 0.45 kcal kg" 1 °G~ l , 
X = ?C0 kg fir 3 , 

\ = 6.0405; 0.0425; 0.0448 kml -r 1 IT 1 °C -1 
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Rapid combustion of the injected fuel is just as important 
as quick ignition • According to the 7/enzsl law* the rapidity 
of the combustion, lihe the speed of any other chemical r@ao- 
tion in dispersion systems, is proportional to the c rea of the 
reacting surfa.ee. The best my to accelerate the combustion 
is therefore ''the obtention of the greatest possible reaction 
surface of the total injected fuel, i.e., the formation of the 
largest possible number of fuel drops of the smallest possible 
diameter. The airection to follow is plainly indicated since, 
^ith decreasing sizfe, the volume of e Tr ery fuel drop decreases 
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with the third oorer, 'but the surface ? rea only #tth the sec- 
ond power . 

Aside fro:' the chemical rrocess, the rabidity of the com- 
bustion also depends on the physical orocesses a.nd the diffu- 
sion of the oxygen. Around every drop an envelope is first 
formed cut of the combustion products H 2 0 and C0 2 , through 
^hich the fresh air must oass. A rapid diffusion is favored 
by a minimum size cf the crops, as as by a violent rela- 

tive motion of the fuel and air. This last requirement brings 
us directly to another important condition, namely, the most 
uniform possible ot^ fusion of the fuel in the combustion air. 

Though the formation of a homogeneous mixture of p. ir and 
the vapors of the easily ignitible fuels offers no gre-t diffi- 
culty in explosion engines, a like condition is not easily ef- 
fected in Diesel engines. What effect, hc^e^er, the finest 
-oossible diffusion of the fuel in the combustion air has on 
the ^hole combustion process has been shown by Haber's exoeri- 
ments ( "Zeite chrif t fur encre^andte Chernie, M 1923, p.6cl), which 
led to the important conclusion that, in the combustion of oil 
^a-oors T - r ith theoretically sufficient air, much CO is always 
formed instcd of CG 2 . The reason for this is to be sought in 
the fact that liquid sprays, especially ^ r hen the size of the 
suspended drops varies greatly n are much less uniformly dis- 
tributed than a mixture cf gases and moors- Their ignition, 
ps likewise the propagation of the combustion, is therefore 



_ . • _ 1 a i 
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slower and recuires a greater excess of air. An efforts to 
obtain rapid combust ion with only & small excess of ,air or, 
in other words, high revolution speeds with small cylinder di- 
mensions, must therefore culminate in the effort to produce 
the most homogeneous possible mixture of very finely atomized 
fuel and sir a,nd to burn it very quickly. 

There have been only a fev: theoretical investigations of 
the nature of the atomization of a fuel jet injected at a high 
velocity, and re arc dependent on the work of hydrodynamic en- 
gineers who have experimentally investigated the outflow and 
turbulence problem with water ( !, Zeit sckrif t fur angewandte 
Mathematik und Mechanik, M 1921, p. 436). Kuehn investigated 
the nature of atomization in his article "Atomization of Liquid 
Fuels" (li.A.CAv Technical Memorandum "To. 33l), but his atten- 
tion was devoted more to the determination of the size of the 
fuel drops then to the real atomization problem. Very recently 
Triebnigg has attempted to solve the problem of atomization 
and determine the physical foundations of the injection process 
on the basis of the cooillary theory ( n Der Sinblase- und 
E insp r i t z v o r ga ng bei Bieselmaschinen, " Viemna, 1926). 

We tosow that a up to a certain critical velocity, the flow 
of liquids through small tubes is laminar, with an approximate- 
ly -oaraboiic velocity curve over the -'hole cross section. The 
upper limit for the laminar flow is given by the Reynolds for- 
mula 



c = " (3) 
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wherein R represents a constant which is dependent on the tub- 
ular friction; # 3 the hinetic viscosity of the liquid; and 
d, the diameter of the tube- Above this critical velocity, 
of about 35 m ( 115 ft.) per second for fuel , oils and cus- 
tomary tubular cross sections, there begins through viscosity, 
an increase of velocity in a vortical peripheral layer, which , 
on leaving the nozzle, causes the elimination of the capillary 
forces of the let components. The atomization of the jet is 
gr.eatly affected bv the shape of the nozzle opening, whose 
peripheral action decidedly affects the splitting up of the 
jet. As a means f or obtaining very fine atomizatior, it is 
now sought almost exclusively to increase the peripheral action 
of the nozzle for given cross- sectional areas by means of the 
greatest possible extension of the periphery of the nozzle op- 
ening and very narrow spraying slots. The question as to 
whether any further atomizat ion is effected by the friction 
of the jet (as it leaves the nozzle at a high velocity) against 
the surrounding compressed air, can he answered negatively (&t 
least for high outflow velocities and small drops) according to 
recent researches. Lenhardt' s experiments on the deformation 
of water drops at high velocity showed that only drops with 
diameters of more than C.5 mm (0.02 in.) were so far deformed 
by friction urith the air as to split in two. Smaller drops 
could not he deformed on account of their greater surface ten- 
sion. The possibility of further disintegration of finely 
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atomized oil drops is cJl the les^ probable, since their sur- 
face tension is about six tir.es as gr@at as that of the water 
drops tested by Lenhardt. Even the compression ra.tio of the 
air hap no effect on the atomization, since the viscosity con- 
stant of the air, which is y = Q.GC0172 according to Len- 
hardt, depends only on the temperature and not on the pressure 
The atomization can be affected by the compression only in so 
fa.r as (through the temperature increase caused by the compres 
sion) the size of the drops is increased by the absorption of 
heat or by the formation of vapor envelopes. It will express 
itself in a change in its resistance and a corresponding devi- 
ation from the computed distance of travel. The reaction of 
the air on the structure of the whole jet can not, however, be 
entirely disregarded on this account, since it favors the sep- 
aration of the closely collected fuel drops as they le°ve the 
nozzle end the Splitting up of the jet irto many smaller jets. 
If the jet leaves the nozzle in the form of a conical spray 
(as is, for examole 3 the case with single- hole nozzles), drops 
are thrown off both internally and externally, especially at 
the beginning of the spray cone. Atomization pictures there- 
fore almost always show a scattering of very small drops near 
the axis of the cone, as likewise cn the periphery. 

The size of the fuel drops is a function of the pressure 
to which it is almost directly proportional. With increasing 
pump pressure, the uniformit: r of the individual fuel drops in- 
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creases with respect to size. If we start witli the assumption 
that, under otherwise like conditions, the excellence of com- 
bustion is a function of the atomization and that, on the other 
hand, the latter is improved by increasing the pump pressure, 
it is very natural to test the fuel consumption of an engine in 
terms of the injection pressure. Such experiments ^ere per- 
formed by Heidelberg ("V.D - I - 1924, p.104 7 ), with the result 
that the fuel consumption was, in fact, nearly inversely pro- 
portional to the increase in the injection pressure, but that, 
above a certain point, the fuel consumption was not affected 
by a further increase in this pressure (Fig. 14). Heidelberg 
offers no explanation for this "constancy range, 11 which differs 
greatly in extent for the several nozzles tested. Buchner pro- 
posed a hypothesis, which, if logically thought out, leads to 
very interesting results-* He proceeds from the well-known 
r)henomenon, which has been corroborated by experimental inves- 
tigations on the behavior of air near moving projectiles, that 
the coefficient of resistance £ increases rapidly in the 
vicinity of the velocity of sound, only to fall suddenly after 
exceeding this velocity. Since he further assumed that the 
friction of the air also exerts an immediate influence on the 
atomization, he concludes that this can take place best when 
the exit velocity of the fuel jet is the same as the velocity 

* M Beitrag zu den G-rundlagen der sen: ellauf end en Halbdieselmo- 
tdren," Halle, 1926. For translation, see N.A.C.A. Technical 
Iff em o r a ndum s N o s . 356-3 58 . 
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of sound* A calculation of the velocity of sound, with the aid 
of Laplace's formula 



(in which P represents the pressure at the nozzle mouth, 7 
the density of the air and m the exporent of the adiabatic 
change of state), rives values for c which would correspond 
to multiples of the injection pressure as measured by Heidelberg. 
If, on the contrary, we take for granted the outflow velocity 
corresponding to the nest measured fuel consumption and control 
the exponent m, we then obtain the surprising result that 
the magnitude of the exponent varies for single-hole nozzles be- 
tween 0.193 and 0-243, according to the kind of nozzle used. 
The propagation of the kinetic energy in the hot air can no 
longer take place adiabatically, when any noteworthy transfer 
of heat occurs between the hot air and the bearer of the energy, 
but there will be a -oolytropic change of state lying far below 
the isotherm. This view is justified when it is considered 
that the cold fuel is injected into the hot compressed air and 
absorbs heat from its environment, the amount of heat being quite 
lar.^e, due to the increase in the coefficient of heat conductiv- 
ity at high relative velocities. The correctness of Buchner 1 s 
hypothesis would have to be experimentally verified. At any 
rate it exicourazes us to give due consideration to the heat 
transference between the fuel jet and the compressed air when 
investigating injection and at omizat ion phenomena. 




(4) 
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Since the finest possible atomization ia an important, 
though not essential, condition for rapid and complete combus- 
tion, especial attention has always been given to determining 
the size of the drops* Attempts to determine the size of the 
drops directly by measuring the dynamic pressure exerted by 
them on a flat plate placed at different distances from the 
nozzle were made by Hiehm, under conditions claimed to approxi- 
mate very closely the conditions obtaining in the compression 
chamber of an engine- In Hiehm 1 s experimental apparatus, how- 
ever, the accuracy of the result was considerably impaired by 
the fact that the surrounding air was set in motion by the re- 
sistance of the fuel drops- There were accordingly developed, 
in the experimental cylinder, air flows and pressure differences 
which were also registered on the impact plate- Moreover, the 
air resistance of the drops varied in a hardly determinable 
manner, soon as the relative motion against the air acceler- 
ated in the direction of the jet appeared, instead of the abso- 
lute motion against the still air. 

Extensive researches on the direct determination of the 
size of the fuel drops were made by Kuehn (N.A*C*A* -Technical 
Memorandum Mo- 331 ) • His measurements were made by allowing 
the fuel jet to fall for a very short time on a sooted glass 
plate by passing through a shutter held directly below the 
mouth of a spra~ r nozzle. The number of the clearly visible 
drops on the plate was found by counting and their weight was 
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found by weighing.' This method is very difficult to apply 
practically (as in testing any given nozzle), since it necessi- 
tates complicated apparatus for catching the drops- The weigh- 
ing is especially difficult, because the various conditions, 
such as the humidity of the air, temperature, etc. , must he de- 
termined and the r r eight correspondingly corrected. Moreover, 
the size of the drops thus determined is only the mean size 
and furnishes no basis for the determination of the number and 
size of the smallest and largest drops and their distribution 
in the jet picture. 

Another method, developed in the laboratory of the M Gesell- 
schaft fur Kohlentechnik, " at Essen, for determining the size 
of the drops, has been suggested by Hauser and otrobel ("Zeit- 
schrift fur technische Fhysik, 11 1924, p. 154). Hereby the fuel 
jet immediately a.fter leaving the nozzle, is caught on a glass 
plate covered with glycerine. The fuel drops remain longer in 
suspension in this liquid and can be observed and measured 
tvith a microscope. Since the drops sink slowly to the bottom 
and there run together, the accuracy of the observation is lim- 
ited. No report has yet been made of comprehensive measure- 
ments by this method. 

Much more reliable than the above methods is the one of 
Woltjen, wilOj in his dissertation n 0n the Fineness of the 
Fuel Atomization in Oil Engines 11 ("Ueber die Feinheit der Brenn- 
s tof f zerstaubun.o; in Oelmaschinen, 11 Technical Hochschule, Darm- 
stadt, 1925; 9 proposed an exceptionally practical method for 
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determining the sizes of the drops. 



Wo 3 1 i en atomized the ^uels 



under conditions as similar as possible to those prevailing in 
the enprine and photographed the drops thus obtained. Starting 
witb the method employed in the chemistry of colloids, the fuel 
was injected into a receiving liquid in which it remained un- 



of 701 distilled water and 30$ "Queol D, M a tanning extract of 
the Colonial Dye stuff Company, Karlsruhe. Ir order to approxi- 
mate as closely as possible the conditions obtaining in the en- 
gine, the fuel was injected into a steel "bomb/ which was 
partially filled with the dispersing liquid and whose air space 
was ^ept, by means of compressed air, under the pressure pre- 
vailing in the engine. Since the oil injected into the bomb 
first passed through the compressed air before entering the 
dispersing liquid, certain effects of the friction of the air 
on the size of the drops could be observed. The emulsion of 
the oil and receiving liquid could then be examined under the 
microscope with sufficient accuracy, whereby not only the size 
of the individual drops could be determined, but also the pro- 
portionate numbers of the drops of different si^es. Plates I 
and II show microphotographs of atonization experiments, a-d 
being photos of atdi&izat ions produced by air injection and f-K 
by airless injection. The pictures plainly show the effect of 
increasing the injection pressure on the size and uniformity 
of the drops. For comparison with the artificial emulsions 



changed for a long time. 



The dispersing liquid wa s a mixture 
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obtained by oil injection, Plate Ie snows a natural emulsion, 
namely, cow milk, whose suspended fat globules have about the 
same size as the finest oil drops obtainable by atomization. 

Since the combustion process in an engine and consequently 
its whole structure are decidedly affected by the choice of a 
certain size of drops, a critical discussion of the atomization 
pictures is of interest. The large drops, which are numerous 
at low pressures, decrease in number with increasing pressure; 
the number of medium- sized drops increases; the number of the 

small drops increases still more; and the atomization becomes 
more uniform. A comparison of Tables II and III shows the dif- 
ferent injection pressures required in air- inj ection and airless- 
injection engines for producing the same medium-sized drops. 



Ta.ble II. 
Size of drops with air injection- 



Plate I. 
Fig. 


i 1 

Inj ection 
pressure pu 
in atm. 


... _ . 

Outflow 
velocity w 
in m/ sec 


Drop 
diameter d m 
in 0-001 tm 


a 


75 


372 


4-37 


b 


65 


345 


13.75 


c 


50 


286 


17. 50 


d 


40 


220 


25.00 
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Table III. 



Size of drops with airless injection- 



Plate II. 
Fig* 


In.j ect ion 
pressure p 2 
in atrn. 


Outflow 
velocity w 
in m/ sec . 


Drop 
diameter d rri 
in 0.001 mm 


8 


300 


256 


4.37 


h 


250 


235 


13.75 


i 


200 


210 


20.00 


j 


150 


133 


26.25 


k 


100 


149 


33.75 


1 


50 


113 


40.00 



It is remarkable that, according to Woltjen ! s exoeriment s, 
the finest at conization (Plate la), which produced drops of 
4.37m. diar/.eter at an injection pressure of 75 atm- , did not 
have the anticipated favorable effect in the engine , which 
showed a tendency to detonate, with the emission of dark-colored 
exhaust gases. V!e are therefore led to conclude that, in smite 
of the considerable energy of the injection air, the finely 
atomized fuel is not na.rried far enough into the combustion 
chamber, but remains immediately in front of the nozzle, in 
part' causing preignitions and in part passing out unburn ed with 
the exhaust gases. If the combustion of such small drops meets 
with difficulties in air injection, still greater difficulties 
may naturally be anticipated in a.irless Injection. It is cer- 
tain (as --'ill subsequently be more fully explained) that the 
distribution of very finely atomized fuel throughout the whole 
combustion space is possible only with the aid of special aux- 
iliary devices- One method consists in effecting the atomiza- 
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tion through a suitable nozzle and. -oressure in such a way as to 
yield a greater number cf coarse drops in proportion to the 
number of fine drops- The latter #112 then ser^e as tinder for 
starting the combustion, while the former, due to their greater 
momentum, will penetrate the compression spe.ce and propagate 
the combustion. There will be something more to be sc. id later 
on the value of this method and its suitability for high-speed 
vehicle engines. 

To return to the faulty combustion in the normal Diesel 
engine at an air-in.j ection pressure of 75 atmospheres, it 
should be remarked that it is not necessary to conclude there- 
from that drops of the chosen order of magnitude should be un- 
conditionally avoided- The experiment simply shows that the 
engine was not st rue turaliy suited for working at such an in- 
jection ores sure. I ar confident that, through careful adapta- 
tion of the size and stoape of the combustion chamber, on the 

one hand, and the suitable guidance of the fuel jets and air, 
on the other hand, even very finely atomized fuel can be com- 
pletely burned. 

Just as there is a lower limit to the size of the drops, 
there is also an upper limit. The experiment at an injection 
pressure of about 40 atm., corresponding to a meatn drop diame- 
ter of 25 p. (Plate I d) showed that a full loading of the en- 
gine was impossible at this low injection pressure- A minimum 
working pressure of 47 atm- was found to be necessary, at which 
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the engine worked, however, with a high fuel consumption and 
very smoky exhaust. This was due to the coarse atovnizat ion, 
because the larger drops did not have time to ignite and burn. 

The fact that the experiments described were performed 
with an air-injection engine, does not affect their importance. 
It must be assumed that similar experiments with airless- 
injection engines would give similar results, since they lie 
within the theoretical limits- The in c omelet encss of the com- 
bustion of very large drops is to be expected on account of the 
ignition delay undergone by drops of this order of magnitude. 
Table I shows that, even in normal low- speed Diesel engines 
with a combustion time of 0.01-0.02 second, drops of 50 u or 
more diameter do not have sufficient time for complete combus- 
tion, but leave the engine unburned with the exhaust gases. 

Formula (2) gives information on the limiting value for 
the size of the drops which will be ignited within a given 
time, when it is solved according to the radius of the liquid 
drop. We then have 



For a vehicle engine with a revolution speed of n = 1200, 
let us make the assumption that the ignition delay must not ex- 
ceed the duration of the injection process. We then have, for 
an injection period covering a crank angle of 30° , 0.004 sec. 




(5) 
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available for ignition and 

r max = 8 - 5 V, d max * ^ P* • 

according to equation (5). 

That such a size of drop represents only an extreme limit, 
to be avoided if possible, follows from the consideration that 
the ignition period of the oil drops last injected would extend 
over another 30°. Poor combustion with a high final expansion 
temperature would be the result of this doubtless excessively 
coarse atomization. It is therefore necessary to restrict the 
ignition delay at the outset to the smallest possible magnitude, 
estimated at about 0.0604 sec, corresponding to a crank angle 
of 3°, and from this to determine the diameter of the drops. 
In the above example, we '.hen obtain a mean drop diameter of 
d = 5.6 \i. Hence this order of magnitude must be maintained 
for the diameter of the fuel drops of a high-speed engine. The 
number of drops of the above- computed limiting magnitude must 
be kept as small as possible. 

Woltjen ! s method affords the possibility of determining, 
in a relatively simple mariner, the atomization attainable with 
a given nozzle and a predetermined pump pressure. TCe can ob- 
tain drops of any desired magnitude by changing one or the other 
or both of these factors. Thus the purely empirical method 
hitherto employed is replaced by a reliable, much simpler and 
cheaper method. The fact that the injection into the receiving 



N.A.CA. Technical Memorandum Ho. 403 26 

liquid takes place under conditions corresponding somewhat to 
those prevailing in an engine, affords a guaranty that the 
method is suited not only" for comparing differently shaped noz- 
zles, pumps, etc., cut also has an absolute value, in that it 
closely approximat es the actual atomization processes- Since 
viioltjen chiefly used cold compressed air in his experiments, 
the conditions may have deviated somewhat from the actual condi- 
tions in a combustion chamber, Sufi to the fact that the mass of 
the drops, injected a.t high velocity into the hot combustion 
sir, is increased by the condensation of vapor on their surface 
or that their coefficient of resistance is affected by heat ab- 
sorption. As to how far this is really the case can be deter- 
mined by substituting hot nitrogen for the cold compressed air 
in the bomb. 

With the determination of the size of the fuel drops much 
has already been accomplished since, on the basis of the known 
mass of the oil drop and its outflow velocity (as computed from 
the pump pressure), we can determine the length' of its path, 
as likewise its velocity in the combustion chamber, whereby we 
must, however, assume that the mass and volume of the drop 
have not changed much during its journey. Nevertheless, we 
can always determine with sufficient accuracy how far from the 
nozzle the combustion chamber is swept. In this calculation 
we must always consider in what manner the velocity imparted to 
each drop as it leaves the nozzle is diminished under the in- 



?T . A. CA. T echnical . M emorandum S o . 403 2 7 

fluence of the friction of the air. While -the- resistance at 
low velocities increases according to Stokes 1 formula in pro- 
portion to the velocity, it changes at high velocities according 
to Newton 1 s lav; of resistance ax>proximat ely as the square of 
the velocity and proportional to the density of the air and the 
projection of the drop in the direction of motion. The upper 
limit of Stokes 1 formula depends on the Reynolds Number, which 
was determined from Lenhardt's experiments on the final veloc- 
ity of freely falling nater drops at R = 50- For fuel drops 
with diameters of about 30 |i and a kinetic viscosity of the 
air of v = 0.15 cm 2 /sec., we obtain the lower limiting veloc- 
ity for the applicability of the quadratic law of resistance 
at about 15 m (49.2 ft.) /sec. The outflow velocity of the 
fuel jet far exceeds this figure. KuehrJs calculations showed 
that, under the assumption of a drop having a diameter of 
30 \i and an initial velocity of 250 rn (820 ft. )/sec. , it would, 
still have a velocity of 30 m (93.4 ft.)/sec after 0.00001 
sec. in compressed air at 32 atm. The distance traversed dur- 
ing this time is at first 8 mm. After 0.0001 second, the ve- 
locity has fallen to about 4 m (13.1 ft.)/sec. ( here Stokes 1 
law of resistance must already apply) j and the distance has 
increased to 16 mm (.63 in.). The result of this calculation 
is hardly affected by the fact that Newton's law of resistance 
does not apply in the vicinity of the velocit:/ of sound, but 
that changes in the resistance, as already mentioned, take 
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solace recording to other t®MSj On taking this fact into consid- 
eration, we come to an interesting result, if, in working out 
the above-:.i ont ionud iuchner hypothesis, we .rive the jet a veloc- 
ity greater than the velocity of sound, in order for it to have 
a high penetrating power with low resistance values. Although, 
according to what has teen spid, an increase in the coeffici- 
ent of resistance can wroduce no further atowizaticn, it does, 
however, considerably affect the attainable distance of travel 
of the drops, their deflection from the axis of the .jet, and 
their variation in volume through the absorption of heat. The 
most ~avorable distribution of the atomized fuel jet would 
thereby be moved a little farther from the nozzle toward the 
center of the combustion chamber and consequently the conditions 
for the formation of a homogeneous mixture would be imr roved. 

If, according to the above investigation, drops of 30 U 
diameter show such a rapid decrease in their initial speed, 
the conditions will be still less favorable for smaller drops, 
a necessary requirement for high combustion speeds in vehicle 
engines. This would mean that the very finest fuel drops, 
which are the best adapted in size for favorable combustion, 
could not penetrate far enough into the compressed air in the 
combustion room, but would be mostly stopped near the nozzle. 
This would result in the accumulation of the dror>s near the 
nozzle, where there would not be enough oxygen for quick com- 
bustion. If this condition does not actually occur in the de- 
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scribed mass, it is due to the ''act that the instituted consid- 
erations were based on the mass of only one dro-o and the assump- 
tion of an infinitely great mass of still air. In reality, how- 
ever, we have to reckon with the kinetic energy of the whole 
fuel jet, which imparts to the air the momentum of all the drops, 
thereby making it the bearer of the fuel sprey. The energy of 
the jet is imparted so r.uch the better to the surrounding air, 
the closer the form in which the jet enters the air and the 
smaller the quantity of air, to which it must impart its veloc- 
ity. The practical result of this argument for the constructor 
is therefore to conduct the fuel jet so that, in snite of the 
finest atomization, the component parts will be held together 
in as close a cone as possible, and that this cone can be util- 
ized for accelerating or maintaining the desired air circula- 
tion. It is impossible to produce a perfect circulation 
throughout the whole combustion chamber, as in the air-inj ection 
method, simply through the kinetic energy of'the fuel jet. 
Entirely apart from the fact that, in air injection, there is 
added to the mass of the fuel the not much smaller ^.ass of the 
injection air, the latter is also greatly aooel-era ted by its 
expansion- In order to obtain a like energy of -flow in airless 
injection, pump pressures would have to be employed which would 
be multiples of those now customary. We would then obtain an 
extremely short injection period and explosive combustion, 
which would result in overs tres sing .the already highly stressed 
driving gear. 



N.A.CA. Technical Mem&randuin No. 403 30 

If the requisite energy for distributing the fuel drops 
can not bo fully obtained from the fuel jet, some other way 
Ernst be found to replace the mixing action of the ai r- inj ection 
method. One of these means has already been mentioned. It 
consists in so conducting the atomization that, c long with a 
number of small drops, a sufficient number of large drops will 
be produced, which, due to their greater momentum, will pene- 
trate far into the combustion chamber and propagate the combus- 
tion begun by the small drops. This method may be suitable for 
stationary engines, although the production of drops of desired 
diameter, penetrating power, etc, can be but very imperfectly 
accomplished with the means now available- For high-speed ve- 
hicle engines, however, any method which delays the combustion 
process must be avoided 'as far as possible- This method will 
therefore be employed only to a limited degree and more atten- 
tion will be concentrated in the direction of imparting such a 
motion to the combustion air as to make it the bearer of the 
fuel drops and thus distribute them throughout the combustion 
chamber. Even the first comp res sort ess Diesel engines, namely, 
the Deutz displacer engines, had such a motion of the combus- 
tion air, whereby, however, more value was attached to the atom- 
izing effect of the annular whirl than to the forced circula- 
tion of the air itself. Only of late has proper attention been 
given this Question and has the endeavor been made so to direct 
the combustion air that it can be perfectly regulated and 
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brought, at a calculated velocity, to the place of combustion. 
Here it is accelerated by the fuel jet, carries away the fuel 
drops during the combustion period, drives the combustion gases 
ahead of it and furnishes fresh oxygen until the combustion is 
completed. The circumstance that, through the violent whirl- 
ing of the air, more heat is imparted to the cylinder mile, 
is unimportant, in view of the fact that an increase in the 
revolution speed of vehicle engines is of much more importance 
than any possible better utilization of the fuel through less 
h eat transm 1 s s ion . 

In ignition- chamber engines the distribution of the fuel 
in the cylinder offers no .ereat difficulty. On the one hand, 
it is comioarat ively easy to distribute the fuel sufficiently 
(especially when not too finely atomized) in the relatively 
small ignition chamber. On the other hand, the effect of the 
combustion gases, which are expelled at a high velocity from 
the ignition chamber into the cylinder, is to a certain degree 
comparable with the effect of the injection air. Even when 
(for example, in wide necks) the pressure difference between 
ignition chamber and cylinder is not very .^reat, the burning 
gases will nevertheless undergo manifold changes in their direc- 
tion of motion on their way to the working cylinder- These 
doubtless produce sufficient turbulence in the combustion cham- 
ber and consequently a good distribution of the fuel in the 
combustion air. 
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The production of the whirling motion for distributing 
the fuel is not so easy in mechanical-injection engines as in 
ignition-chamber engines. It is clear that the shape of the 
combustion chamber greatly affects the strength, direction an& 
velocity of the air whirl sought. All recent endeavors have 
therefore been in the direction of forcibly mixing the fuel 
and combustion air by means of suitably shaded cylinder heads, 
pistons and ingenious arrangements of the nozzles. A combina- 
tion of the annular- whirl method (Deutz-Brandis) with fine at- 
omization was proposed by Bielefeld (Fig. 15). The fuel is in- 
jected under high pressure at the dead center in the finest 
state of atomization and is distributed by the air whirls, 
which are purposely generated as shown by the arrows in the fig- 
ure ( "Autotechnik, " 1925, la. IS, p. 36). The annular concave 
shape of the cylinder cover and of the displacer head of the 
piston generate a whirling motion of the air which is maintained 
during the whole combustion period- It is worthy of note that 
in this construction the jet energy is not utilized to acceler- 
ate the revolving air, but that the fuel injected through a cen- 
tral nozzle in the form of a flat circular spray, strikes the 
air nearly at right angles and is carried away by it. The 
Krupp Diesel engine has a nozzle with several holes and guides 
the combustion giir, by means of a circular "director 1 ' located 
at the inlet valve, in a circle around the cylinder axis (fig. 
16). By measuring the velocity of the circulating air current, 
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it was demonstrated that the most favorable combustion lay at 
a certain definite air velocity (about 8.5 m/sec. in the case 
invest igated) . At this velocity, which, in order of magnitude, 
agrees well with the values found by Kesselman in similar ex- 
periments, air molecules lying near the cylinder wall describe 
exactly a quarter circle. It may be assumed that the combus- 
tion is the most favorable when the air charge during; the injec 
t ion oeriod describes the exact angle at the center which is in 
eluded between two adjoining jets from the multiholed nozzle- 
Fig. 17 is a picture of the mushroom piston head of the Krupp 
Diesel engine at this favorable air velocity and plainly shows 
the strong scattering of the flames by the directed air flow. 
(The light spots on the piston head are deposits of zinc oxide 
due to keeping the fuel 5n galvanized- iron containers.) The 
more lightly built connores sorless Diesel engine of the it . A . R. 
( i! Maschinenf abrik Augsburg-l'urnberg, M ) in which the fuel is in- 
jected tangentially through two nozzles, likewise has a circu- 
lar air flow and a disk-shaped combustion space (Fig. IS). 
This engine has the advantage of leaving the cylinder cover 
free from fixtures and enables the installation of such lar&'e 
inlet and outlet valves as to supply good air charges even at 
high revolution speeds- Above all, however, the kinetic energy 
of the fuel jets is nere favorably utilized, because the turn- 
ing moment of the injection energy efficiently supports the 
circular air flow. It is important for both nozzles, which are 
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supplied Toy one and the same pump, to have the same resistance. 
This is accomplished "by equalizing the pipe resistances by 
means of exchangeable perforated plates in the distribution 
portion of the pipe. The high-speed t^o-stroke-cycle Die&el 
engine made by the 11 Harinoverische Wa :^onfa brik M (Fig. 19), 
likewise works with a circular motion of the air around the 
cylinder axis, due to the fact that the air, oreviously com- 
pressed in the crank case, is forced by a suitable disposition 
of the overflow -oorts to enter the cylinder in a tangential 
direction. Since the outlet valve is located in the cylinder 
head (contrary to the customary two-stroke arrangement), no 
disturbance is caused in the spiral motion of the air by the 
flow energy of the exhaust gases, so that the venerated air 
whirl apparently persists throughout the whole duration of the 
injection and combustion process. The fuel is injected toward 
the cylinder axis through a nozzle located in the side of the 
cylinder head. 

In addition to the above-described devices 5 the patent 
literature of recent ; r ears shows a large number of more or 
less practical proposals for automatically directing the com- 
bustion air. One idea recurs in many variations, nar.ely, the 
guidance of the air column, driven by the piston toward the 
combustion space, by the archlike shape of the cylinder cover 
in such a way that its motion is reversed and ?;iven the same 
direction as the fuel jet. Fig. 20 represents a solution pro- 
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nosed by myself, in which the combustion space is divided into 
two chambers , each having the shape of a paraboloid of revolu- 
tion. The nozzle openings are located at about the foci of 
the paraboloids. As to whether the expected result, namely, a 
good distribution of the drops (produced by air whirls at the 
foci), will til fact come to pass can not be safely predicted, 
for the lack of experimental bases. The diminution of the air 
space to be swept by a nozzle, effected by dividing the combus- 
tion space into two symmetrical chambers, may nevertheless 
prove to be a suitable means for completely filling even larger 
combustion chambers with fuel drops. 

On account of the importance of the question regarding the 
effect of the shape of the combustion space on the strength, 
direction and velocity oi the desired air circulation, it 
would be desirable to investigate thoroughly, by systematic ex- 
periments, the laws of this whirling motion. In so far as the 
air flow can not be made visible by smoke, powdered wood, etc., 
it might be advisable to measure with a Pitot tube the air ve- 
locities in the compression chamber of an experimental engine 
throughout the whole cross section of the cylinder. It should 
thus be possible, by the systematic testing of the whole com- 
pression space to obtain, in a comparatively short time, a 
clear picture of the air circulation. 

The complicated processes in the cylinder have been recent- 
ly, 7 ' rendered accessible to direct visual observation. At the 
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Junkers works in Dessau, the combustion process in a conro re s scr- 
ies s Diesel engine was successfully photographed, through a 
quartz window in the cylinder head, by means of a stroboscope 
(Fig. Si). The pictures obtained (Figs. 33-24) plainly show 
the scattering of the flame under the influence of the motion 
of the air (which is circular in this case) . The full-load 
pictures (Figs- 32-33) were taken in point of time, very near 
the dead center and shortly ft ft 02 the beginning of the igni- 
tion. The relatively small amount of fuel already injected 
r, as blown from the nozzle toward the right by the circularl3 r 
moving air in the cylinder. The ignition had started at about 
the tip of the fuel jet and had then been quickly propagated 
ba.ckward to the nozzle (Fig. 23). After 0.O005 mcmSL 3 the 
flame had spread still farther (Fig* 3?). On the other hand, 
Fig. PA shows the final phase of a lo^-speed combustion. The 
correspondingly small low- speed flame had here already made 
one complete revolution in the combustion air and had been sep- 
arated into several component flames ("V.j*!-^ 1 October 31, 
1925, p. 1372). 

After the above detailed description of the injection and 
combustion process, something should also be said regarding 
the compression ratios suitable for vehicle engines, and on' 
the shape of the combustion line in the indicator diagram. It 
is, of course, desirable to obtain a diagram which shows the 
greatest possible area at low maximum and expansion final "ores- 
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sures- One ray to do this, end vmlch is best suited to the 
nature of vehicle engines, is to reduce the work of compression 
to a minimum, thereby making it easier to start the engine, 
whether by hand, compressed air or electric motor. In opposi- 
tion to this, however, is the need of a high compression tem- 
perature for shortening the ignition delay and guaranteeing the 
ignition in a cold engine and at a low temperature of the in- 
flowing air. The compression temperature must, of course, al- 
ways he higher than the ignition temperature. For the correct 
adjustment of the former, it is therefore necessary to know 
the exact ignition temperature of the fuel to he used. Till 
very recently, the ignition point was restricted to the temper- 
ature at which self- ignition occurs in a uniform current of 
air or oxygen. Probably bhe most accurate values obtained by 
this method are the ones given in Table IV, as determined by 
Otto Alt, with the Krupp ignition-point tester (see IJ.A.C-A. 
Technical Memorandum To- 381, - Combustion of Liquid Fuels in 
Diesel Engine) . 
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Icrnition joints ( G) in ignit ion-point tester and in engine. 
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The ignition temperatures given for the engine are all 
probably too higk, for the following reasons. All previous in- 
vestigations of the self- ignition temperatures are inadequate 
because they were based on the assumption that the ignition 
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point is a simple conception. The investigations by Tauss and 
Schulte* demonstrated, however, that the same oil has differ- 
ent ignition points at different pressures and that these igni- 
tion -ooints become lo-er rith increasing pressure (that is, 
with increasing air density). In Fig. 35 the ignition points 
of several fuels are slotted against the pressures. According 
to the acove-iient ioned invest igat ions , the assumption that the 
ignition temperature in the engine is about 100°G higher than 
in the open ignit ion-point tester can not be maintained. The 
question as to whether the ignition point is affected by the 
greater relative velocity between the air and fuel drops in 
the combustion chamber of the engine still requires experimen- 
tal elucidation. It is possible that the increased transfer- 
ence of heat from the air to the fuel drops not only shortens 
the time required for ignition, but also lowers the ignition 
temperature itself. In a/ny case, however, the compression tem- 
perature must, on account of the ignition delay, be about 50°C 
higher than the experimentally found ignition points of the 
fuels. The lowering of the compression temperature, due to 
leaks (piston play in cold engine), must be accounted for by 
a supplementary calculation- 

On the basis of these as sumptions , we can pass to the cal- 
culation^ pressure, whereby it must be borne 

* n Ueber den Sunapunkt und V e rb r ennungs vo r sang im Dieselmotor. n 
Mitteil. Chem. Inst., Techn. Hochschule, Karlsruhe, No. 3, 1934. 
See also N.A.O.A-. Technical Memorandum No. 399. 
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in mind that a. vehicle eftgine should be able to function under 
the most unfavorable conditions. If we assume that in winter 
it must be able to start at ar air t empera ture of -10°C (l4°F) 
and if we adopt 3C0°C (i.e., the r.ean value between the ignition 
temperatures of Alt and of Tauss and Schulte) as the lower limit 
for the ignition t emperaturc cf gas oil, we then have, on the 
assumption of adiabatic compression, 



If m = 1.3 is chosen as the exponent of the compression and 
P 2 = 0.95 atm. ax the initial pressure (for engines up to abouf 
1300 R-P.h.}, m have ft & 28 atmospheres. 

If we consider that the compression line apnroa.ches the 
isotherm at lev; revolution speeds, due to the cooling effect of 
the cylinder -.mils, and that, above all,, the unavoidable piston 
leaks, which are more unfavorable in the small bores of vehicle 
than in larger engines, Still further reduce the final compres- 
sion pressure, " T e mill not then be inclined to go below the 
calculated value- If, however, this generally happens, it ca.n 
only be made possible by not requiring the engine to start at 
such low external temperatures without some special auxiliary 
device and by limiting ourselves to calculating* with air temper- 
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atures of at leapt 10°C (.50°F). At lawii tempera tures, there- 
fore, the combustion air must be previously heated by electric- 
ity, or the start must be made with 'the aid of an ig^itipti 
cartridge or easily inflammable pa.raffin oils. The great effect 
of Toreviously heating the air is shown by the calculation, which, 
at an inflowing-air temperature of 0°C (32°F) under the same 
conditions as above, gives a, final compression pressure of 24.3 
atm., or 20.7 atm. at 10°G (50°^)- 

In the warm running condition of the engine, the inflow 
tempera. tures of the air increase rreatly and reach 80-S0°C 
at full load. In most cases a final compression pressure of 
3 5 atn. is regarded as sufficient to assure the starting of 
the engine without airy special auxiliary device. We can go to 
this extreme limit, because the cooling effect of the injec- 
tion air is eliminated. At the small safety factor, the great- 
est possible tightness of the values and oistons is a prereo- 
u isi t e co:id 1 1 ion . 

The further functioning, after compression, depends en- 
tirely on the method of introducing the fuel. The pressure 
line of the indicator diagram will ascend, move horizontally, 
or descend, according to the timing and duration of the injec- 
tion. Its shape is therefore chiefly determined by the nature 
of the nozzle or by the pump-pressure diagram. If the fuel is 
injected Tr ery quickly at about 40-55 3 before the upoer dead 
center, there is an explosion similar to the one in a carburetor 
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engine, as shown by the pointed indicator diagrams. Injection 
at 35-37° before the dead center produces, on the other hand, 
according to Heidelberg, a constant-pressure combustion. If 
the mean pressure is not allowed to fall hmlam 5.5 atm., the 
usual value for modern carburetor engines (a necessary condi- 
tion for vehicle engines, due to spatial considerations), max- 
imum Pressures of about SO atm. are produced in a purely ex- 
plosive functioning. Such a pressure increase is impossible, 
however, due to the ^reat stressing of the working parts and 
the consequent necessarv increase in their weight- A constant- 
pressure combustion, similar to that obtained by air injection, 
is indeed easily attainable in compressor! ess Diesel engines, 
but experiments have demonstrated that this form of the combus- 
tion line is neither practical nor economical. The slight ig- 
nition delay, unavoidable in airless injection, can best be ac- 
counted for by a short cons tant- volume combustion, followed by 
constant-pressure combustion (Fig. 26). This kind of mixed 
combustion, which occurs chiefly in engines ~dth mechanical 
injection, produces a maximum pressure of 45-50 atm. , on the 
assumption of a mean electric pressure of about 5.5 atm-, and 
a compression of 35 atm. 

The maximum oressure of the working diagram therefore de- 
termines the size of the connecting rods, while the dimensions 
of the crank shaft are determined the tangential-pressure 
diagram. In a connecting rod of circular cross section, the 
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diameter of the rod is proportional to the souare of the maxi- 
mum pressure and its weight is directly proportional to the 
pressure. These values throw some light on the weight rela- 
tions of a Diesel vehicle engine in comparison with a carbu- 
retor engine and -partially determine its structure. In com- 
parison with a.n ordinary .rotor- truck engine with a final com- 
pression pressure of 5.5 atm., and a maximum combustion pres- 
sure of about 27 atm# s we obtain,, with a Diesel engine of like 
mean pressure and like revolution speed, an increase of about 
60^ in the weight of the connecting rods and of about 35$ for 
the crank shaft. Dr. W. Riehm, in his lecture on "High-Speed 
Diesel Engines for Vehicles/ 1 delivered before the Association 
of German Engineers at Augsburg, in 1935, gives considerably 
smaller values for the increase in the weight of these parts. 
His assumption that the diameter of the connecting rods (having 
a perfectly round cross section) should be proportional to the 
fourth root of the maximum pressure, is based, however, simply 
on their resistance to buckling and not on their admissible 
compressive stress. In the dim ens ioniner of the other engine 
parts, the increasing of the combustion pressure does not neces- 
sitate so great weight increases, because the icistons, cylin- 
ders, crank cases, exc, nave more than sufficient strength, 
for reasons pertaining to the casting and finishing. The fuel 

pumps, which take tho place of t.he /."ignetos and carburetors, 

* "Schnellauf ende D ieselmotoren fur Fahrzeu^e, ff published in 
,? v.D-I./ f August 29, 1935, pp. 1125-1131. 
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are about twic£ as heavy as those parts, so that, all in all, 
a Diesel engine weighs 30-35*£ more than a carburetor engine of 
the Sam 6 power and revolution speed. 

There is hardly anything to he said on the structure of 
vehicle Diesel engines, since it is fully based on modern car- 
buretor engines. Of course the different operating conditions 
necessitate corresponding modifications in the various engine 
parts. Since the reliability of the ignition depends largely 
on the final compression pressure, much attention should be 
given to making the valves and piston as tight as possible. 
While the former can be protected from harmful heat stresses 
by the use of suitable material and by cooling the valve seats, 
the piston, in addition to stronger dimensioning of the piston 
head and piston pin, can oe made longer and be provided with 
a greater number of rings. The use of light-metal pistons is 
not desirable, at least so long as there is no harmful heat 
accumulation with cast-iron pistons. The piston play, which 
must be rather large with aluminum, on account of the high 
coefficient of beat expansion, expresses itself, in a cold en- 
gine, in leaks which may imoair the starting ability. Moreover, 
the larger dimensioning of the piston pin and the avoidance of 
inadmissible surface pressure® in the t)ieton-r>in bearings in- 
volve certain structural difficulties. 

The fact that, due to irregularities in the pump, faulty 
atorr izat ion, etc. , misfires occur and that subsequently the 



the combustion of rre n ter quantities of fuel rrith excessive 
pressure increase can follow, raises the question of providing 
a safety valve for every cylinder. iCntlrely aside from the 
fact, however, that there is seldom room enough for such a 
valve in the cylinder cover, I believe that the danger of a 
sudden strong pressure increase, which could b§ disastrous ^or 
the engine, should not he over- rated, because the condensed, 
unburned fuel in the cylinder vould he only slightly consumed 
in a subsequent ignition, while most of it vrould pass unturned 
into the exhaust. 

The Impossibility of ©ranking the engine against the full 
compression ressure necessitates the use of reduction gearing. 
It is ~eneraily customary to raise the starting x "alve either 
by a special lever or, better, by the axial shifting of a cam 
shaft provided ^ith auxiliary earn s « If these auxiliary c~ms 
are conical, the valves in starting can be partially or com- 
pletely opened at T ~ill. The energy stored up in the flywheel 
in starting under diminished pressure then facilitates throw- 
ing the engine into .rear against the full compression pres- 
sure. The comorossed-air method of starting, customary - r ith 
stationery engines, can at most be used only on such motor 
vehicles as carry compressed-air cylinders for special reasons, 
such as for air brakes end ^ear shifting. 3i r .ce an electric 
generator is essential on a modern motor vehicle, the engine 
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is generally started bf a rather ]ar ; q;e starting: motor. Pro- 
vision must also be made for starting by h^nd in an emergen- 
cy. (To be followed b> r Part III.) 



Translation by Dwight M. Minex^ 
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Fig. 12 Combustion space 
of a Krupp mech- 
anical injection engine 
with mushroom piston head. 




Fig. 13 Combustion space of the Falk oil 
engine, similar to Price type. 




Fig. 11 M.A.N, engine with concave 
piston head. 
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Fig. 14 Constancy of various nozzles 
(according to Heidelberg.) 




16 Airflow director and fuel jets in the Diesel 
engine of Kruor). 
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Fig. 18 Airflow directors and fuel jets in the M.A.I T . station- 
ary Diesel engine. 




Fig* 30 Combustion space proposed by Kausf elder 
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Fif«.T. 19,31, 33,33 % 34 




]|[ Stroboscope 
oa'jus cn f 

Fig. 21 Junkers apparatus for 
photographing the 
combustion process. 



Fig. 17 Mushroom piston head of 
Krupp Diesel engine. 





Fig. 23 3.3° before Fig. 23 1.7° before 
dead center dead center 



Fig. 19 Diesel 
engine 
of Hannover 
"Waggonf abrik. 




Fig. 24 15° after 

dead center 

Fig. 22, 23 * 24 Flame pictures 
(Junkers) 
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Fig .35 
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Ignition temperatures plotted against pressures 
(Tauss and Schulte) 
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N.A.C.A* Technical Memorandum No. 403 Plate I 

Plate I (Air injection). Compression pressure, 30 atm. 
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Plate II (Airless injection). Compression pressure, 30 atm. 
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